Abstract: In this paper the problem of energy efficiency in large commercial buildings is analyzed . In particular, after the introduction of the thermal model with vertical temperature stratification of an existing centre, temperature control schemes are applied with decoupling and feed-forward techniques. It is shown that it is possible to reduce significantly energy consumption and at the same time improve the user's comfort. Finally, the paper highlights also the convenience of introducing some structural changes in the energy distribution plants inside the building. 
INTRODUCTION
The energy consumption for buildings for both residential and commercial sectors has steadily increased, reaching figures between 20% and 40% in developed countries and nowadays exceeding energy spent for industry and transport. Population growth, increasing demand for construction services and comfort levels, together with the increase of time spent inside buildings, leads to an increase in demand for energy which is expected not to decrease in the future. Along with costs, even CO 2 emissions are steadily growing and the impact of energy consumption in buildings accounts for almost 36% [1] . Thus, the energy efficiency of buildings is a top priority for energy policy at the national, regional and international levels. Directive 2010/31/EU [2] requires that the 27-member European Union to develop national plans for December 31, 2020 will require all new buildings to be Nearly Zero-Energy Buildings which must therefore have a high energy performance. One way to comply with the constraints is to produce energy through renewable sources. The consumption of the non-residential sector, as described in [3] , includes buildings used by the services, commercial and the public sector and it is in continuous growth, with an average annual increase of 3.4%. Technological progresses in the field of energy efficiency can play a crucial role for the reduction of fossil fuel consumption. Typical examples are high efficient HVAC (Heating Ventilation and Air Conditioning) plants (like condensing boilers, micro-generation systems, heat pumps, compression and absorption machines), equipment for the reduction of energy losses of heating and cooling systems or constructive techniques improving the thermal insulation of building envelopes. The centralized heating systems installed in large buildings are generally provided with ICT infrastructures for their operation, monitoring and management. An interesting example of their use for reducing energy consumptions is shown in [6] . Their potential, however, is not always exploited, especially for what concerns the control algorithms implemented in commercial application. European regulation EN 15232 ("Energy performance of buildings -Impact of Building Automation, Controls and Building Management") describes the advantages that can be achieved through the adoption of Building Automation and Control Systems (BACS), defining classes of automation systems and related energy savings. However, the regulation does not take into account that the same control architecture can provide very different results on different types of buildings. An interesting study which attempts to tackle this issue is [8] which analyzes the relationship between building energy use and building control system operations to evaluate energy performances versus similar buildings. The indicators described in the paper also quantify potential savings and effectiveness of control system improvements. Instead in [4] a deep and accurate study is performed for applying a set of different Model Predictive Control (MPC) temperature algorithms and it is also applied to different types of thermal zones and HVAC systems. Results related to energy performances are strongly correlated with the type of zone and plant control. The limit of [4] is the fact that control algorithms are thought to be applied to a single thermal zone, without taking into account the interaction between adjacent areas. In many types of buildings, especially the ones with large openspaces (shopping centers, theatres, cinemas, convention centers) such an interaction cannot be neglected, both for comfort and energy efficiency improvement. An effective application of control techniques to a multi-zone system in the residential sector is presented in [7] . Given the presented state-of-the-art discussion, the purpose of this paper is to examine the impact of traditional control techniques on large commercial buildings. For this purpose, an existing shopping center in Northern Italy is considered and a mathematical model based on energy balance equations is designed in [11] . With respect to the state-ofthe-art approaches, the model is designed in a multi-zone fashion and considers the phenomena of vertical temperature stratification, which were proven to be one of the most significant obstacles to the improvement of energy performance in large open space buildings. This work specifically focuses on the design and implementation of different temperature control techniques, based on the model described above, used to improve the thermal comfort and energy consumption of the shopping center. The local energy control strategies here presented are a first and important step in our research, which goes towards an integrated micro-grid energy control. In other words, the controlled building will be incorporated in a smart microgrid, where thermal and electrical energy is consumed and produced to serve a well-defined urban area (shopping center, business center, small district). In this scenario, renewable and distributed energy sources (photovoltaic, wind) will be exploited along with storage systems (batteries, hot water tanks) in order to minimize overall micro-grid operation cost given a set of predefined constraints. Nevertheless, this approach obviously requires a radical rethinking of the management model of the current electrical network ( [3] , [9] and [10] ). The results presented in this paper are part of a EU FP7 research project called Cassandra [5] , whose aim is to develop a web-based decision support system capable of assessing the behavior of demand response programs with customizable scenarios and different types of consumers. The paper is structured as follows. In the Sect. 2 the pilot case is described, namely the thermal and physical characteristics of the building and its HVAC plants. Sect. 3 describes feedback controls (PI control and a split-range technique), while Sect. 4 describes feed-forward compensation techniques for disturbances (e.g., external temperature, solar radiation and so on) and decoupling techniques between floors. Obtained results are then analyzed and possible structural changes in the heat distribution system are suggested. Finally, some concluding remarks are given.
PILOT CASE MODELING

Model description
The system under control is a is a medium-size shopping center located in Gavirate (VA), in northern Italy. It is divided in five floors and contains about thirty different shops. The first two floors are partially underground. Floor 1, has a glass roof, separating it from other floors. It hosts a gym with 2 swimming pools (one for adults and one for children), a sauna and a whirlpool. Floors 2 to 5 are not separated by pavements/ceilings, but on the contrary they largely constitute a unique common volume, except for outer corridor rings at each floor. A vast part of the roof surface is made of glass, which was done to increase the brightness of the interior. However in the summer season, when the contribution of the solar radiation is too high, an appropriate curtains system shields the glass cover. HVAC plants terminals are 2-pipes fan-coils, which are distributed all over the building and fed with hot/cool water generated from a district heating source/chiller plant. The heating plant is also used by the swimming pool to heat the water and the air in the pool area. The system is equipped with a BACS (Building Automation and Control System) for monitoring and control purposes. In [11] the mathematical models created for the most relevant envelope and HVAC system components are described in detail. A short description of the most important components involved in this paper follows:
1. Building envelope. Its structure determines the quantity of heat which should be integrated by HVAC plants and influences energy consumption and indoor comfort at each floor. 2. Fan-coils. They are the actuators used to implement the algorithms designed in this research. In [11] the non-linear equations used to compute the thermal power transferred from the plants to the thermal zones are described.
Primary air handling unit. It allows the replacement
and treatment of air in the common spaces. In the case of Gavirate, no humidity control is done.
Exogenous variables are the external temperature, solar radiation, and internal thermal gains produced by customer occupancy and other sources (mainly lights, bars, restaurants).
In the context of this work, first the model described in [11] is improved, second a linear model is developed in order to apply various automatic control techniques and, finally, various control schemes are implemented and evaluated in simulation. In particular, the main improvements with respect to the thermal model introduced in [11] are essentially three: 1. The introduction of an accurate non-linear model of fan coils terminals, with an efficiency that depends on their operating conditions, as provided in the data sheet. 2. The introduction of the air curtains model. Air curtains are large fan-coils placed nearby the building openings in order to limit uncontrolled infiltrations of outside air. As a matter of fact, their energy contribution is comparable to that of the fan coils used for regulating indoor temperature, especially in the first two floors of the building. Air curtains parameters are better with real data over a full year of operation.
State space model
Among other complexity, the system is not that trivial to control due to many facts. On one hand, exogenous variables (disturbances) have a strong effect on the building: among others, the external temperature, solar radiation and internal gains. On the other hand, the inner structure of the model contains a natural strong coupling between air temperature of each floor, in that the temperature of i-th floor strongly influences that of floor (i+1)-th. In this paragraph two types of feedback control techniques are implemented. The first one is a PI controller of the supply water temperature (T in ) associated to a simple control logic to switch on/off the fan coils (if a threshold is exceeded, fan coils in a floor are switched on). The second one is called split-range control and is explained later in the text. Both are compared to the control current practice used in the real building. For the sake of brevity, the simulations are shown only for the month of January 2012 for all controllers.
PI control
The supply water temperature is regulated by a PI controller with the addition of the upper and lower limits imposed by the presence of load like the swimming pool, which imposes a minimum supply water temperature value fixed at 42°C. The regulator receives in input the error between the temperature set point and the weighted average of the floors temperatures. The control output is the supply water temperature that the boiler must ensure. Fan coils switches are controlled by a simple threshold: if the temperature of the floor is higher than 20° C (indoor temperature setpoint), then fan-coils group at that floor is turned off. Floors temperature profiles obtained show that only the first floor is kept close to its set point in the coldest periods of the month. The upper floors, instead, reach an higher temperature and result to be overheated. Technically speaking, we need to cool the upper floors in order to keep temperature close to set point, which is not possible at the moment and which is also apparently a strange activity to perform in the coldest month of the year. In particular, it is the lower constraint imposed on the supply water temperature that prevents the cooling of the inner ambient.
Split Range
In order to respect the constraints imposed, a convenient architecture is the Split Range control scheme. It is applied when two or more manipulated variables are used to control a single output variable.
The choice of values that the control variable should assume is based on the power required to keep the air temperature at the desired profile. The structure of the split-range control scheme is represented in Fig 1. There are two main parts. The first part decides the water supply temperature profile, while the second one chooses the fan coils switching command. The first structure is composed by five PI controllers (R block in Figure 1 ), one for each floor. Each one receives the temperature error in input (i.e., the difference between the indoor air temperature of each floor and its set point). The control variable is the supply water temperature, computed for each floor, which in turn is used to estimate the power needed to control the air temperature. The average value of supply water temperature computed by all PI controllers is sent to the plant as a request. If it is lower than the temperature limit, the lower bound is assumed as the real control variable. The second part makes decisions on which fan coils group should be switched on and off. The theoretical powers computed according to the temperature calculated by the five PIs are compared to the power that can be actually produced with the supply water at the mean and saturated temperature which is actually applied. This calculus is represented in Figure 1 by the block "Fan coil power estimator". The ratio between ideal and real power for each plan is calculated for each floor. If the ratio is greater than 1, the fan-coils are switched on and the temperature is adjusted by varying the supply water temperature. If the ratio is between 0 and 1, a PWM control logic modulates the switching the fan coils by imposing a duty cycle given by the ratio value. Finally, if the ratio value is lower than 0, the control turns off the fan-coils. Temperature profiles obtained with this control strategy are very similar to the results obtained with the single PI controller, while the energy consumption are slightly higher.
The simulation results are shown in Fig. 2 .
COMPENSATION AND DECOUPLING TECHNIQUES
For each floor both exogenous inputs and energy contributions coming from other floors act as disturbances for the temperature controller.
To reduce all those effects both compensation and decoupling techniques are adopted. As a matter of fact, the fan coils in each floor affect in a consistent way the air temperatures in the adjacent ones, especially the upper floors. This is due to the vertical stratification phenomenon and is clearly shown in real trends collected by the SCADA system, as well as from the computation of transfer function in the state space models.
Compensator and decoupling transfer functions are created starting from the transfer functions between input and output according to the following equation, where the contribution of input-j on the air temperature of the floor-i is canceled by the action of control ij . Input -j consist on disturbances for the compensator and on control variables from other floor for the decoupling control.
is the compensator or decouple control transfer function is the transfer function between input j and controlled variable i. is the transfer function between control variable i and controlled variable i. The implemented control, whose simplified scheme is shown in Fig. 3 for two of the building floors, is composed of a closed loop control with proportional integral anti-windup structure (R in Figure 3 ), a decoupling controller and a disturbances compensator. To improve performances, simulation tests are performed where different supply water temperatures are computed for each floor and temperature constraints are made less stringent. In particular, the lower limit on the control variable is reduced from 42°C to 20°C. Also different set points for each floor are used, higher for the ground floor and lower for the fifth. Simulation results are shown in Fig. 4 .
COMPARISON OF RESULTS
Basically, feedback controls setting supply water temperature along with fan coil switching signals reduce energy consumption of 5.4% (PI control with threshold) and 2.4% (split range control) compared to the actual plant consumption, assumed as baseline scenario. From the comfort point of view situation is improved, but the presented control structures are unable to keep the reference temperature for all floors. This is basically because the limits imposed on the control variables are too stringent. The result is that there is a non-trivially controllable stratification of the air temperature in the different floors. Introducing compensation and decoupling gets marvelous results if some constraints are relaxed. PI control and Split Range control simulated with reduced limitations give similar results for the temperature point of view, but higher thermal energy consumptions However, again, no significantly better results are obtained in terms of vertical stratification (and thus on customer comfort). Again, those techniques allow some energy saving. The addition of control logic to the fan coil switching signals, the relaxation of constraints on the supply water temperature and a change in floors set points lead to higher energy savings. As a matter of fact, comparing with the actual control this configuration reduces the consumption of 25%. However, the HVAC plant is not designed to allow supply water temperatures different for each floor. Thus, some changes in the heating distribution system are required. In this view, special attention should be paid to air curtains. If the floor fan coils may require a temperature of 20°C to cool down the temperature, the air doors must receive incoming higher temperatures to ensure their proper operation. So, for the implementation of this changes, supply water temperature of the air curtains is maintained at 42°C. This fact negatively affects the energy consumption of the plant, of course. To allow a modulation of supply water to fan coils, that are now in parallel, sharing the same feed water and mixing their output in a collector, a simple three-way control valve should be installed at the inlet of the fan coils. In this way, it is possible to change the water path and in particular forcing the outlet water from an upper floor fan coil to warm the inlet water temperature to a lower floor fan coil. Another simple way to reduce the stratification of the air temperature is to force a ventilation stream downwards, to basically extract heat from the upper floors and distribute it in the lower ones. Many other combination between the five floors can be easily investigated through simulation. As expected, the structural changes proposed do not give the same performance as the ideal control in terms of thermal comfort, which should keep the floors temperature at 20°C during the day and decrease the energy consumption, but Table 1 reports the energy consumption needed to heat the floors with the implemented control strategies, not considering the boiler efficiency or the electricity used to power the fans, and other performance indices focused on thermal comfort. Considering the complexity of the models, the results obtained, especially from the comfort point of view may seem improving. However, considering the limitations imposed by the system, other controls structures incur in lower performance, as shown for example in Fig. 5 . So, we may conclude that the techniques described in the paper allow to achieve both the energy consumption reduction and comfort goals maintenance. In this paper different building energy control strategies used to improve the thermal comfort and increase energy saving are designed and analyzed in detail. What came out from the analysis is that many control actions can be applied obtaining satisfying results considering temperature trends during the day, with a good set point tracking and thermal power consumption, lower than the current practice in the mall. In addition, the impact of input constraints, which impose important limitations in the goals that can be reached, is analyzed in detail. New plant solutions to bypass these limitations are investigated and proposed. They are based on a different water flow, which provides heat recovery through thermal vector recirculation in the system and a ventilation system to transfer air between the first and the fifth floor. Another change that can improve the thermal energy control of the building is to modify the water distribution plant which serves the air curtains as well. As a matter of fact, they receive hot water at 42°C and reducing this temperature of some degrees provides further savings without affecting the functionality of this equipment in a limited way. As a conclusion, the importance of disturbances and coupling among the floors leads to investigate model predictive control techniques in order to anticipate and better compensate the effects of the main disturbances. 
